Preparation of liver cells. Rat liver was perfused with 50 ml. of 0 4M-sucrose containing 0-04M-tris-HCl buffer, pH 7-4, and dispersed in 50 ml. of this medium at 370 by the method of Branster & Morton (1957) . All subsequent procedures were carried out at 0-4°. The crude suspension was filtered through bolting nylon and centrifuged at 300g for 2 min. The supernatant was removed, the cell pellet suspended in 3 vol. of 0-2M-KCI containing 0-04M-tris-HCl buffer, pH 7-4, and centrifuged again at 300g for 2 min. The washed cell pellet was suspended in 1 vol. of the buffered KCI medium. In most experiments the suspension was diluted with an equal volume of water or substrate solution. Thus the routine medium was 0-1 M-KCI buffered with 0-02M-tris-HCl, pH 7 4, and the residual sucrose concentration was not more than 0-025M.
Electron microscopy. Cell pellets were prepared and examined by the methods of Berry & Simpson (1962) .
Manometry. Oxygen uptake of cell suspensions was measured at 300 by the conventional Warburg techniques described by Umbreit, Burris & Stauffer (1957) . Carbon dioxide production was measured by the direct method (Umbreit et al. 1957) .
Tissue dry weight. Dry weights of cell suspensions were determined as trichloroacetic acid-insoluble dry matter according to Werkheiser & Bartley (1957) .
Enzyme assays. To investigate the effect of dispersion and washing on the enzymic activities of liver cells assays were carried out on fractions of the suspension. For aldolase the procedure of Berry (1962) was followed. In the assay of lactate, malate and L-iditol dehydrogenases, liver cells were dispersed in 0-4M-sucrose medium as usual and the suspension was fractionated at 0-4°according to Scheme 1. The volume of each fraction was measured and a sample taken for protein estimation by the method of Layne (1957) . Lactate and malate dehydrogenases were assayed by the methods of Delbruck, Zebe & Bucher (1959) and L-iditol dehydrogenase by the method of Smith (1962) .
Glycogen determination. Glycogen was determined at various stages during the routine preparation of cells. With the rat under ether anaesthesia a portion of the liver was rapidly removed and weighed in a tared centrifuge tube containing 30% (w/v) KOH solution. The liver remaining in situ was perfused at 370 with buffered 0*4M-sucrose medium. After removal of the distended liver another sample was taken and weighed in the same way. The remainder of the liver was weighed and a washed-cell suspension prepared in buffered 0-1 m-KC1 medium in the routine manner. Samples were transferred to 30% (w/v) KOH solution at each stage and the final cell suspension was incubated at 30°for 40 min. before it was inactivated 457 Initial cell suspension in 0-4m-sucrose medium Portion homogenized in 5.0 vol. of 0-02M-potassium phosphate buffer, pH 7-4, and centrifuged at 24 000g for 20 min.
Extract S
Remainder centrifuged at 300g for 2 min.
I Supernatant I
Remainder suspended in 0-2M-KCl medium and centrifuged at 300g for 2 min.
Cell pellet II Borgstrom (1952) . Each fraction was evaporated to dryness in vacuo and the dry weight determined after standing for 12 hr. over P205 and shredded paraffin wax.
The total fatty acids in cell suspensions were determined by saponifying samples in 5 vol. of 30% (w/v) KOH solution for 1 hr. at 60-80°. An equal volume of ethanol was added and heating continued for 1 hr. under reflux. The saponified mixture was washed three times with 20 ml. of light petroleum (b.p. 60-80') to remove non-saponifiable lipids before acidification (to Congo red) with HCI and extraction of the fatty acids with three 20 ml. portions of light petroleum. The combined extracts were evaporated to dryness in vacuo over P202 and paraffin wax and weighed.
The phosphorus content of lipid fractions was determined by the method of Fiske & Subbarow (1925) .
Nicotinamide-adenine dinucleotides. These were determined by the method of Bassham, Birt, Hems & Loening (1959) . Fluorescence was measured in a single-sided fluorimeter (Locarte Co., London). The primary filter was Chance OX 1 (transmission 320-390 mi&) and the secondary filters were a combination of Ilford 622 and Chance OY 18 to exclude transmission below 440 mu. The instrument was checked before and after use against a solution of quinine sulphate (0-1 mg./l. of 0-1 N-H2SO4).
Procedure in metabolic experiment8. In general the apparatus described by Sakami (1955) was used for gravimetric estimation of CO2 and for wet combustion of 14C-labelled compounds with the reagent of Van Slyke & Folch (1940) . Acetoacetate was determined by the method of Walker (1954) and g-hydroxybutyrate by a minor modification of the method of Hird & Symons (1959) . The modification was necessary to eliminate interference by sucrose and acetoacetate (cf. Kulka, Krebs & Eggleston, 1961) .
The cell suspension (10 ml.) was mixed with 8-0 ml. of water in a large Warburg vessel (200 ml. capacity) standing on ice. Substrate solution or water (2-0 ml.) was placed in one side arm and 2-0 ml. of 2N-HC1 in the other. The inseal contained 2-0 ml. of carbonate-free 2N-NaOH and filter paper. The vessel was gassed with 02 and equilibrated at 30°for 10 min., the substrate added and uptake of 02 measured for 1 hr. The acid was then tipped into the main compartment and shaking continued for 15 min. The vessel was placed on ice and the contents of the inseal were quickly transferred along with four washings (1 ml. each of C02-free water) to the apparatus (Sakami, 1955) , in which CO2 was liberated and trapped in a bubbler filled with carbonatefree 2N-NaOH and determined gravimetrically, giving the total CO2 (free and bound). The bound CO2 initially present in an unincubated control was measured manometrically.
A small portion of the acidified cell suspension was reserved for immediate determination of acetoacetate and the remainder was used for other operations, which were carried out at 0-4' unless stated otherwise.
The residual cell suspension (20 ml.) was centrifuged at 16OOg for 15 min. The cell pellet was saponified with 10 vol. of ethanolic 15% (w/v) KOH at 60-80°for 2 hr. and the cell fatty acids were isolated and estimated gravimetrically as described above (Determination of lipids). After the volume of the supernatant A had been measured it was neutralized by addition of a measured volume of 2 N-NaOH. Protein and adsorbed lipids were precipitated by adding 2-0 ml. of 0 3N-Ba(OH)2 and 2-0 ml. of 5% (w/v) ZnSO4,7H20 solution and allowing the mixture to stand for 10 min. It was centrifuged at 1600g for 15 min., giving supernatant B and a precipitate. The fatty acids in the precipitate were determined gravimetrically after saponification and extraction as before.
Portion of supernatant B (20-0 ml.) was treated with 4 0 ml. of 20% (w/v) CuSO4,5H20 (1959) . Another portion (18-0 ml.) of the autoclaved sample was transferred to a conical absorption flask to which 150 jmoles of non-isotopic acetone and 10-0 ml. of Deniges's reagent were added. The acetone-Hg complex was treated as before to estimate the 14C content of C-2 + C-3 + C-4 of the f-hydroxybutyrate.
For smaller-scale experiments in which 2-0 ml. of cell suspension was used with non-isotopic substrates, fhydroxybutyrate was estimated in heated supernatant D by the modified method of Hird & Symons (1959) Samples with a low 14C content were counted in an Ekeo N 664A scintillation counter (Ekco Electronics, Essex).
Fatty acids were dissolved in 10 ml. of scintillation fluid composed of 0.4% (w/v) 2,5-diphenyloxazole and 0.005% (w/v) p-bis-(5-phenyloxazol-2-yl)benzene in toluene and counted in 16 ml. vials. Samples other than fatty acids were converted into C02, which was collected in 2 N-NaOH.
Portions (1-0 ml.) of the alkaline carbonate solution were placed in the main compartment of conical absorption flasks (30 ml. capacity), the centre well of which contained 0.5 ml.
of lOM-hyamine hydroxide in methanolic solution. The flasks were stoppered with gas-tight rubber bungs (Simplex no. 8; Britton Malcolm Co. Ltd., London) through which 1 ml. of 5N-H2SO4 was injected into the main compartment.
The flasks were shaken at 300 for 2 hr. and the hyamine solution, together with two washings (each 1.0 ml. of scintillation fluid), was transferred to vials containing 8-0 ml. (Henley, Sorensen & Pollard, 1959 , Zimmerman, Devlin & Pruss, 1960 Berry, 1959) have reported evidence consistent with this possibility.
In the present work leakage of aldolase and lactate dehydrogenase was confirmed, 97 % of the original aldolase activity and 90 % of the original lactate-dehydrogenase activity being lost from twice-washed cells. Table 2 the amounts of the nicotinamide-adenine dinucleotides in fresh rat liver are compared with those present in cell preparations that have been washed twice with 0-1 M-potassium chloride medium to eliminate sucrose, which otherwise interferes with the estimation of the nucleotides. A third washing did not alter the values significantly. Only 18 % of the total nicotinamide nucleotides present in the fresh tissue are recovered in the cells. The NAD/NADP ratio of the cells is much lower than in the fresh tissue and resembles more closely that found in isolated rat-liver mitochondria (Birt & Bartley, 1960a, b; Christie & Le Page, 1962) . Although the low recovery of the nucleotides may be attributed partly to cell destruction or to enzymic breakdown, it may also be due to leakage through the broken cell membranes, since a high proportion of the nicotinamide nucleotides of liver homogenate is located in the supernatant fraction (Glock & McLean, 1956; Jacobson & Kaplan, 1957; Birt & Bartley, 1960 b) .
Glycogen. Much of the glycogen present in a fresh liver disappeared during perfusion (Table 3 ). The glycogen content of the perfused liver dropped from 265 to 212 ing. during dispersion of the cells and only 98 mg. of glycogen was recovered in the washed cells. This quantity was diminished further during incubation at 30°and glucose acctunulated in the medium.
Lipids. A portion of perfused liver was removed, its lipid content determined and the remainder converted into a cell preparation. Samples of washed cells and of the combined supernatants were analysed for lipids. Table 4 shows that most of the lipids originally in the perfused liver were retained by the cells but the distribution of lipids and lipid phosphorus between the cellular fraction and the supernatant washings indicates that triglyceride is lost from the cells more rapidly than phospholipid.
Endogenous metabolism
Despite the morphological abnormalities and the loss of some cytoplasmic constituents, isolated ratliver cells consume oxygen and produce acetoacetate when they are suspended in sucrose or saline media. This confirms the work of Berry (1962) on mouseliver cells. The mean qA,.0 of cells prepared from the livers of 14 fed rats and incubated in potassium chloride medium at 300 is 62 + 1 (s.E.M.) and is not significantly different from the mean qAcac of cells prepared from eight rats starved for 24 hr. (61 + 2). The rate of acetoacetate production is thus of the same order as that found by Edson (1935) with liver slices prepared from starved rats and incubated at 370 in phosphate saline (Krebs, 1933) . The mean respiratory quotient for 11 cell preparations was 0-55 ± 0-06 (s.E.M.), as against 0-8 for rat-liver Composition of the medium. Table 5 shows that 0-1 M-potassium chloride medium permits endogenous respiration and ketogenesis to take place at maximnum or near-maximum rates. The addition of 0-5-20 mM-Mg2+ ions had no significant effect but the addition of 1-6 mM-phosphate or 1 mm-Ca2+ ions caused a depression of the metabolism. The addition of the oxidized and reduced forms of NAD orNADP (0-1-0-2 mM) with orwithout cytochrome c (0-2 mM) did not increase oxygen uptake.
Effects of added substrates
Carbohydrates. Zimmerman et al. (1960) have demonstrated that glucose is not metabolized aerobically or anaerobically in isolated rat-liver cells. Addition of glucose, fructose, sorbitol or glycerol to cell suspensions caused no significant alteration in the rates of oxygen uptake and acetoacetate production (Table 6 ). On the other hand glucose 1-phosphate, glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-diphosphate and DL-glycerol 1-phosphate depressed both oxygen consumption and acetoacetate formation.
The failure of the hexoses and polyols to raise the oxygen consumption above the endogenous level can be explained by the loss of the glycolytic enzymes and dehydrogenases already mentioned. The inhibitory effect of hexose phosphates and glycerol 1-phosphate can be explained by the release of inorganic phosphate by a powerful phosphatase, which is known to be active in ratliver cell suspensions (McLean, 1962) .
Fatty acids and amino acids. The effects of adding n-fatty acids (C2-C18) are shown in Table 7 . The inhibitory effect of the C2-C5 acids is unexpected; that of the higher homologues reaches a maximum Vol. 92 461 with dodecanoate and is analogous to their action on rat-liver slices (Ahmed & Scholefield, 1961) . In contrast 1 mM-palnitate and 1 mM-stearate increase oxygen uptake and acetoacetate formation (Table  7) . Alanine has no effect probably because the cells have lost alanine aminotransferase (Henley, Wiggins, Pollard & Dullaert, 1958) . Glutamate and aspartate increase oxygen uptake but decrease acetoacetate formation.
Citric acid-cycle intermediates and related substances Berry (1962) found that citric acid-cycle intermediates and some related substances increased the oxygen uptake but diminished the acetoacetate production of mouse-liver cells. Table 8 shows the same phenomenon in rat-liver cells. The Table also shows that the fall in acetoacetate is counterbalanced by an equivalent increase in the formation of ,-hydroxybutyrate. The failure of citric acidcycle substrates to diminish the formation of ketone bodies raises the question of the intactness of the citric acid cycle in isolated cell preparations. Tables 9 and 10 illustrate a series of experiments in which single citric acid-cycle substrates were added to cell suspensions and the intermediary metabolites determined by column chromatography (Table 9) or by enzymic methods (Table 10 ). When no substrate was added malate was the only citric acid-cyclemetabolitepresent in measurable amount. Except for malate and pyruvate the added substrates, including the utilizable isomer of isocitrate, were almost completely removed after 1 hr. In the presence of each substrate there was an increased oxygen consumption and, except with pyruvate, a large quantity of malate accumulated together with small amounts offumarate, succinate and pyruvate-o oxaloacetate. The same changes were observed whether oxygen or air was used as the gas phase. The experiments indicate that the citric acid cycle is operating in the cells and this conclusion is confirmed by the typical blocking effects exerted by the well-known selective inhibitors of the cycle reactions ( Table 9 ).
The accumulation of malate during the oxidation of citric acid-cycle intermediates is always accompanied by reduction of endogenous acetoacetate to ,B-hydroxybutyrate (Table 8 ). This suggests that the electrons required for the reduction of acetoacetate to ,B-hydroxybutyrate have been made available by a substantial increase in the ratio NADH/NAD+. The mean NADH/NAD+ ratio of four cell suspensions rose from 0-24 + 0-07 (± s.E.M.) Table 8 . Effects of citric acid-cycle intermediates and related substances on respiration and ketone-body formation Conditions were as given in Table 5 Conical flasks contained cells suspended in 16-0 ml. of 0-IM-KCI medium containing 0-02m-tris-HCl buffer, pH 7-4. Substrates were added as salts of potassium. Gas, air. Temp., 30°. Time, 1 hr. Values were determined enzymically (Hohorst et al. 1959) to 1*77 + 0-35 during aerobic incubation for 0 5 hr. in the absence of added substrate and the mean NADPH/NADP+ ratio from 2-06 + 0-25 to 9-6 + 2-9.
These findings, which differ from those obtained when rat-liver mitochondria are incubated without the addition of substrate (Birt & Bartley, 1960 b, c), can be attributed to a greater supply of endogenous substrates in the cell suspensions. The reduction of the nucleotides occurred to a greater degree when the suspensions were incubated with added citric acid-cycle intermediates or with pyruvate and lactate but not with palmitate (Table 11) . Similar findings were observed with oxygen as the gas phase instead of air. During incubation there was little change in the total quantity of the coenzymes, showing that the increase of the ratio reduced form/ oxidized form was not due to decomposition of the oxidized form.
Succinate. Table 12 compares the endogenous metabolism of a cell suspension with that of an equal portion to which 10,umoles of [2,3-14C2]-succinate were added. At this low concentration (0.5 mm) the increase in the oxygen uptake was small (7,umoles) . About 41 % of the 14C was recovered in respiratory carbon dioxide, the residue being in the protein-free supernatant prepared from the cells. The bulk of the residual 14C appeared in malate (34 %) and in fumarate (9-6 %). The ketone bodies contained a negligible amount (0.5 %) and none was found in the fatty acids. Like other citric acid-cycle intermediates, succinate inverted the ratio acetoacetate/fl-hydroxybutyrate with little change in the total amount of ketone bodies formed.
The yield of 14CO2 corresponds to the oxidation of 8-2/zog.atoms of the methylene carbon atoms of [2,3-14C2] succinate and there has been a net loss of 9 4,ug.atoms of carbon from the citric acid-cycle intermediates and pyruvate. It is probable that the net loss of carbon is largely due to the removal of pyruvate formed from oxaloacetate during incubation (see Table 10 would require only 3-9 panoles of oxygen, it appears that succinate has increased the production of carbon dioxide and hydrogen from endogenous substrates as well as from any pyruvate formed during its metabolism. The most likely explanation for the findings is that succinate has increased the rate of oxidation of endogenous and "4C-labelled acetyl-CoA in the citric acid cycle. This would also account for the small decrease in ketone-body production caused by succinate. Table 10 ) and other undetermined substances containing 33-5 % of the added 14C will account for the rest of the isotope.
As expected, inversion of the ketone body involving about 32,equiv. of hydrogen has occurred and the total ketone-body formation is slightly greater (3 7,umoles) in the presence of pyruvate than in its absence. The 'extra' oxygen uptake (23ptnoles) is twice that required (11 tmoles) for the oxidation of pyruvate to carbon dioxide and water and the formation of 'extra' ketone bodies from it. The unexplained difference is too large to be an experimental error.
The results are consistent with the hypothesis that pyruvate is oxidized in the cells by a citric acid-cycle mechanism. It is probable that lactate is oxidized by the same mechanism. Since most of the lactate dehydrogenase has been lost from the cytoplasmic matrix, it is likely that lactate oxidation (Table 8) is catalysed in the cells by a mitochondrial lactate dehydrogenase (Walker & Seligman, 1963) .
DISCUSSION
Compared with liver slices, rat-liver cell suspensions exhibit abnormalities of composition and metabolism that limit their usefulness as an 30 experimental preparation. Some of the abnormalities, e.g. the loss of glycolytic enzymes, Na+ and K+ ions (Little & Exton, 1963) and neutral lipid, can be attributed to disruption of the cell membrane (Berry & Simpson, 1962) , whereas others, e.g. the high rate of endogenous ketonebody production and the low rate of oxygen consumption, appear to be due to disordered mitochondrial functions. In spite of their distorted mitochondrial morphology isolated liver cells oxidize a wide variety of substrates, including palmitate and stearate, without requiring supplements of adenosine triphosphate, Mg2+ ions or phosphate ions.
Apart from some ability to break down glycogen (Table 3 ) the cell suspensions appear to be unable to metabolize carbohydrates (Table 6 ). The high rate of production of endogenous ketone bodies, which is the same whether the cells are prepared from fed or starved rats, could well be a consequence of this defect. This situation offers an advantage by providing an extreme case of ketogenesis for experimental study. Addition of pyruvate or of citric acid-cycle substrates does not increase the oxidation of endogenous fatty acids significantly, but causes reduction of acetoacetate to ,-hydroxybutyrate without change in the total quantity of ketone bodies formed (Tables 8, 12 and 13) . A similar formation of ,B-hydroxybutyrate from acetoacetate under aerobic conditions has been observed in rat-liver homogenates (Leloir & Munioz, 1939; Krebs, Eggleston & d'Alessandro, 1961) .
Convincing evidence for the occurrence of the citric acid cycle in liver-cell suspensions has been presented (Table 9) . Although it is difficult to make valid comparisons between different tissue preparations, it is probable that the turnover of the cycle is lower in cell suspensions than in liver slices. The incomplete oxidation of palnitate (Exton, 1964) suggests that such a defect exists. Bioch. 1964, 92 465 Vol. 92
